Hatano R, Onoe K, Obara M, Matsubara M, Kanai Y, Muto S, Asano S. Sex hormones induce a gender-related difference in renal expression of a novel prostaglandin transporter, OAT-PG, influencing basal PGE2 concentration. Am J Physiol Renal Physiol 302: F342-F349, 2012. First published October 26, 2011 doi:10.1152/ajprenal.00366.2011.-Based on the nucleotide sequence of a mouse prostaglandin-specific transporter (mOAT-PG), we identified a rat homolog (rOAT-PG) which shares 80% identity with mOAT-PG in a deduced amino acid sequence. rOAT-PG transports PGE2 and colocalizes with 15-hydroxyprostaglandin dehydrogenase (15-PGDH), a metabolic enzyme for PGs, in proximal tubules, suggesting that rOAT-PG is involved in PGE2 clearance to regulate its physiological function in the renal cortex. We found that the expression level of rOAT-PG in the renal cortex was much higher in male rats than in female rats whereas there was no gender difference in the expression level of cyclooxygenase-2, a key enzyme producing PGE 2, and 15-PGDH in the renal cortex. Tissue PGE 2 concentration in the renal cortex was lower in male rats than in female rats, suggesting that renocortical PGE 2 concentration is primarily determined by the expression level of OAT-PG, which is regulated differently between male and female rats. Castration of male rat led to a remarkable reduction in OAT-PG expression and a significant increase in renocortical PGE 2 concentration. These alterations were recovered by testosterone supplementation. These results suggest that OAT-PG is involved in local PGE 2 clearance in the renal cortex. Although the physiological importance of the gender difference in local PGE 2 clearance is still unclear, these findings might be a key to clarifying the physiological roles of PGE 2 in the kidney.
PROSTAGLANDINS (PGs) exert their divergent effects on target tissues in an autocrine or paracrine manner. PGE 2 is the major subtype of PGs in the kidney and serves as an important physiological modulator of vascular tonus, and salt and water homeostasis (7) . The primarily important enzymes for the PG synthesis are cyclooxygenases (COXs), which convert arachidonic acid to PGG 2 and PGH 2 . There are two isoforms of COX, a constitutive isoform, COX-1, and an inducible isoform, COX-2 (17) . Although both enzymes are expressed in the kidney, tissue distribution of these isoforms is different (2) . COX-1 is constitutively expressed in medullary collecting ducts and medullary interstitial cells whereas COX-2 is expressed in the macula densa of the juxtaglomerular apparatus and associated cortical thick ascending limb of Henle (cTAL) in the renal cortex and interstitial cells in the renal medulla (5) . The expression of COX-2 is induced by various stimuli, such as low salt intake (21) , loop diuretics (13) , and water deprivation (22) , and PGE 2 synthesized by COX-2 regulates glomerular filtration, renin release in the renal cortex, and tubular absorption of sodium and/or water in the medulla (6) , suggesting that immediate production of PGE 2 by COX-2 might be important for the regulation of those physiological functions.
PGs are biologically inactivated by two major steps, their uptake into epithelial cells and successive oxidation to yield inactive 15-keto metabolites by the metabolizing enzyme 15-hydroxyprostaglandin dehydrogenase (15-PGDH), which is located in the cytoplasm of tubular epithelial cells (4, 15) . 15-PGDH was expressed in the tubular epithelial cells of the kidney cortex especially in the proximal tubule and cortical and outer medullary thick ascending limb (23) . For transmembrane transport of PGs, specific transport systems are necessary because PGs are charged organic anions at physiological pH and diffuse poorly across the biological membranes. The first PG-specific transporter, PGT, was cloned from the rat liver (8) , which belongs to the organic anion transporting polypeptide (Oatp) family, and transports PGs via obligatory, electrogenic anion exchange (3) . PGT is expressed ubiquitously, with its expression being most abundant in the lung, liver, and kidney (8) . In the kidney, PGT is mainly localized in the renal medulla and seems to be involved in the regulation of tissue PGE 2 in the renal medulla and papilla (1) , influencing sodium and/or water absorption in the collecting duct.
Recently, we have identified another type of PG-specific transporter, mOAT-PG, which belongs to the organic anion transporter (OAT) family, a subfamily of SLC22 (16) . mOAT-PG mediates both facilitative transport and substrate exchange (16) . mOAT-PG is expressed only in the kidney, exclusively in the proximal tubules of the renal cortex, in which 15-PGDH is expressed, but PGT is absent (1), suggesting that mOAT-PG is involved in local PGE 2 clearance to regulate its physiological function in the renal cortex. However, direct evidence for the role of OAT-PG in local PGE 2 clearance has not been demonstrated.
Gender differences in the expression of transporters in kidneys have been reported for several organic cation transporters (OCTs), Oatps, and OATs (14) . Here, we have found a marked gender difference in the expression levels of rOAT-PG and tissue PGE 2 concentration in the renal cortex. Such a difference is useful for studying the physiological role of OAT-PG in local PGE 2 clearance in the renal cortex.
In the present study, we cloned and characterized the rat homolog (rOAT-PG) for mOAT-PG, and investigated rOAT-PG expression in various conditions, since rats have been a widely used and well-established animal model for the study of renal physiology (5, 6, 13, 15, 21, 22) . Then, we examined the association between OAT-PG expression level and local PGE 2 concentration in the renal cortex. In addition, the roles of sex hormones on the expression of rOAT-PG were also examined.
MATERIALS AND METHODS

Materials. [
3 H]PGE2 (7,400 GBq/mmol) was obtained from PerkinElmer Life Science (Boston, MA). PGE2, and other chemicals for inhibition study were obtained from Sigma-Aldrich (St. Louis, MO). Other materials including fetal bovine serum, trypsin, and geneticin were from Invitrogen (Carlsbad, CA), recombinant epidermal growth factor was from Wakunaga (Hiroshima, Japan), insulin was from Shimizu (Shizuoka, Japan), and RITC 80 -7 culture medium was from Iwaki (Tokyo, Japan). All other chemicals and reagents were of analytic grade and were readily available from commercial sources.
Antibodies. A polyclonal rabbit anti-OAT-PG antibody was raised against a recombinant 40-residue carboxyl-terminal domain of mOAT-PG fused to a glutathione-S-transferase (GST) tag as described previously (16) . Polyclonal rabbit anti-COX-2 and anti-15-PGDH antibodies (CAY160126 and CAY160615, respectively) were purchased from Cayman Chemical (Ann Arbor, MI). A monoclonal mouse anti-␤-actin antibody (sc-47778) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). A monoclonal mouse anti-Na-K-ATPase ␣-subunit antibody was a kind gift of Dr. Michael J. Caplan (Yale University School of Medicine, New Haven, CT).
Animal experiments. Sprague-Dawley (SD) and Wistar-ST rats at 7-10 wk old were purchased from Japan SLC (Shizuoka, Japan). All animal studies were performed in a humidity-and temperaturecontrolled room with a 12:12-h light-dark cycle. All experimental protocols described in the present study were approved by the Ethics Review Committees for Animal Experimentation at Tohoku University and Ritsumeikan University.
Kidneys from these rats were harvested, and the cortex was collected from the rest of the kidney of each rat. The renal cortex was separated and used for total RNA extraction, protein extraction, and measurement of renocortical PG concentration.
In the experiment for gonadectomy, castration of male rats and ovariectomy of female rats were performed under appropriate anesthesia. The sham-operated rats underwent the same procedure except that the organs were not removed. After a period of 2 wk of recovery from the surgery, the castrated male rats underwent a subcutaneous treatment of testosterone propionate (Sigma-Aldrich) dissolved in olive oil at a dose of 10 mg/day for 14 days. The control rats were treated with an equivalent amount of olive oil.
Isolation of nephron segments. Microdissection of the isolated nephron segments was performed using a SD rat at 7 wk old as described (20) . In brief, thin slices were taken from the coronal section of kidneys and transferred to a dish containing a cold intracellular fluid-like solution (in mM: 14 KCl, 44 K 2HPO4, 14 KH2PO4, 9 NaHCO 3, 160 sucrose). Nephron segments were then dissected by fine forceps under a stereomicroscope. Segments of the proximal convoluted tubule (PCT), medullary thick ascending limb of Henle's loop (mTAL), cortical thick ascending limb of Henle's loop (cTAL), and cortical collecting duct (CCD) were dissected and identified by intrarenal location and appearance.
Cloning of rat OAT-PG. The rat homolog of mOAT-PG was searched by using the NCBI BLAST search system. For PCR amplification of full-length cDNA, total RNA was extracted from an 8-wk-old SD rat kidney using Isogen reagent (Nippon Gene, Tokyo, Japan), and first-strand cDNA was synthesized using the SuperScript First-Strand Synthesis system (Invitrogen, Carlsbad, CA) followed by PCR amplification using a set of primers as shown in Table 1 . The amplicons were cloned into pcDNA3.1(ϩ) (Invitrogen). The full sequence of the amplicon was confirmed by DNA sequencing. The obtained nucleotide sequence has been submitted to the GenBank/ EMBL/DDBJ Data Bank with the accession number AB559554.
Establishment of a cell line stably expressing rOAT-PG and transport assay. S2 cells, immortalized renal proximal tubule cells, were derived from transgenic mice harboring the temperature-sensitive simian virus 40 large T-antigen gene (18). They did not express endogenous mOAT-PG protein on Western blotting (16) . S2 cells were used in the transport assay because they functionally expressed exogenous OAT-PG at the cell surface. S2 cells were transfected with empty vectors [i.e., pcDNA3.1(ϩ)] and rOAT-PG-pcDNA3.1(ϩ). The cells were grown at 33°C under 5% CO 2 in RITC 80 -7 medium containing 10% fetal bovine serum, 10 g/ml transferrin, 0.08 U/ml insulin, 10 ng/ml recombinant epidermal growth factor, and 400 g/ml geneticin. The cell clones were isolated using a cloning cylinder as previously reported (16) . Uptake experiments were performed as described previously (16) . The cells were seeded in 24-well tissue culture plates at a cell density of 1 ϫ 10 5 cells/well. After 2 days of cell culture, the cells were washed with Dulbecco's modified PBS (D-PBS) solution. The cells were incubated in 0.5 ml of D-PBS containing [ 3 H]PGE2 at 100 nM for each experiment at 37°C during indicated periods. Then, the cells were washed three times with Table 1 
. A list of PCR primers
Primers
Cloning for rOAT-PG Sense, 5=-CCAAGCTTGTGTGATTTGGCTGTGTGCAACA-3= Antisense, 5=-GCTCTAGATAAGTTTATTCATGAATGCCAA-3= Primers for RT-PCR rOAT-PG: Sense, 5=-GGGACTAGCATATGTGCTTTCAGA-3= Antisense, 5=-ATGAAAATAGCAAGACGCAAGACA-3= GAPDH:
Sense, 5=-TCTACCCACGGCAAGTTCAAC-3= Antisense, 5=-AAGACGCCAGTAGACTCCACG-3= Primers for real time RT-PCR rOAT-PG: Sense, 5=-AGCCATTCCTGCTCATCACTG-3= Antisense, 5=-TCGGCATTGTTCAGGTTTCTG-3= COX-2:
Sense, 5=-TGGTAGAACTTGGAGCTCCATTC-3= Antisense, 5=-GAATTGAGGCAGTGTTGATGATCC-3= 15-PGDH:
Sense, 5=-TTGGACCCATCAGCCATTG-3= Antisense, 5=-CTTTCGAGGCCGTGATCTTC-3= GAPDH:
Sense, 5=-GGCACAGTCAAGGCTGAGAATG-3=, Antisense, 5=-ATGGTGGTGAAGACGCCAGTA-3=
OAT, organic anion transporter; COX, cyclooxygenase; PGDH, 15-hydroxyprostaglandin dehydrogenase.
ice-cold D-PBS and lysed with 0.5 ml of 0.1 N sodium hydroxide. The radioactivity was determined using a ␤-scintillation counter.
The cis-inhibitory effects by other organic anions and analysis of kinetic parameters were performed as follows. The rOAT-PG-expressing S2 cells (S2-rOAT-PG) was incubated in a solution containing 100 nM [ 3 H]PGE2 in the absence or presence of various organic anion compounds (10 M) for 30 s at 37°C. The compounds were dissolved in DMSO and diluted with the incubation medium. The final concentration of DMSO was adjusted to Ͻ0.1%, which did not affect the rOAT-PG-mediated transport of PGs in our system.
The kinetic parameters for the uptake of PGE2 via rOAT-PG were estimated from the following equation: ϭV max ϫ S/(Km ϩ S), where is the uptake rate of the substrate (fmol·mg protein Ϫ1 ·min Ϫ1 ), S is the substrate concentration in the medium (nanomolar), K m is the Michaelis-Menten constant (nanomolar), and V max is the maximum uptake rate (fmol·mg protein Ϫ1 ·min Ϫ1 ). To obtain the parameters, the uptake was measured at a time point within this linear range. The net uptake values used for the calculation were obtained by subtracting the uptake values for vector-transfected S2 cells (mock) from those for S2-rOAT-PG. These kinetic parameters were determined with the Eadie-Hofstee equation.
RT-PCR analysis. Total RNA was isolated from each sample by using Isogen reagent or an RNeasy Mini kit mentioned as above. One microgram of RNA from each tissue, isolated tubular segment, and kidney from operated rats were reverse-transcribed by using an oligo d(T)6 primer and an Omniscript RT kit (Qiagen) to prepare the first-strand cDNA. For the analysis of tissue or tubular distribution of rOAT-PG, each cDNA was amplified using Ex Taq polymerase (Takara Bio, Otsu, Japan). The PCR products were resolved on a 1.5% agarose gel. The primers used for PCR amplification are listed in Table 1 . For the analysis of the differences in mRNA expression among animal models, quantitative RT-PCR for rat OAT-PG, COX-2, 15-PGDH, and GAPDH was performed using CYBR Premix Ex Taq (Takara Bio) and their genespecific primers as shown in Table 1 . The expression levels of each mRNA were normalized to the expression level of GAPDH. Amplified PCR products were verified by agarose or PAGE.
Immunohistochemistry. For immunohistochemistry, kidney slices were fixed in 95% ethanol. The kidneys were then dehydrated with a graded series of ethanol and embedded in paraffin. After deparaffinization and rehydration, sections (2 m thick) were incubated with protease solution (type 14) or collagenase solution (type 1A) (SigmaAldrich) to unmask antigenicity at 37°C for 20 min and then flooded with PBS. After being blocked with normal goat serum (Dako, Kyoto, Japan) in PBS, sections were incubated with primary antibodies overnight at 4°C. Polyclonal rabbit anti-OAT-PG (1:100), polyclonal rabbit anti-COX-2, and anti-15-PGDH antibodies (both 1:100) were used as primary antibodies. Immunoreaction was performed with HISTOFINE simple stain MAX-PO (Nichirei Bioscience, Tokyo, Japan) and visualized with 0.02% 3=,3=-diaminobenzidine tetrahydrochloride as a substrate followed by light counterstaining with hematoxylin.
Preparation of membrane fractions rich in basolateral membrane and Western blot analysis. The renal cortex of each rat was homogenized in a homogenizing buffer composed of 300 mM D-mannitol, 5 mM EGTA, 12 mM Tris·HCl (pH 7.1), and 100 M PMSF with a Polytron homogenizer. The homogenate was centrifuged at 3,000 g at 4°C for 15 min, and the supernatant was successively centrifuged at 8,000 g for 15 min, and at 100,000 g for 90 min. The pellet was resuspended in an approximate volume of buffer composed of 150 mM D-mannitol, 2.5 mM EGTA, and 6 mM Tris·HCl (pH 7.1). The suspension was incubated with MgCl2 (12 mM) on ice for 15 min, centrifuged at 3,000 g at 4°C for 15 min, and then the resulting pellet was collected as a basolateral membrane (BLM) fraction, and solubilized with a lysis buffer composed of 150 mM NaCl, 0.5 mM EGTA, and 50 mM Tris·HCl (pH 7.4) containing 1% Triton X-100. For the preparation of total tissue lysate, the renal cortex was also homogenated in the lysis buffer. The homogenate was centrifuged at 3,000 g for 15 min, and the supernatant was collected as the total tissue lysate. For Western blot analysis, 15-100 g of protein was loaded in each lane, separated on Laemmli's SDS-PAGE (8 -12.5%), and then transferred to a polyvinylidene difluoride membrane. The membrane was blocked for 1 h by using 2.5% milk powder in TBST (10 mM Tris·HCl, pH 8.5, 150 mM NaCl, and 0.1% Tween 20) and exposed to primary antibodies diluted with solution 1 (Can Get Signal; Toyobo, Osaka, Japan) overnight at 4°C. After rinsing in TBST, a secondary antibody (peroxidase-conjugated anti-rabbit IgG) diluted with solution 2 (Can Get Signal) was applied to the membrane for 1 h at room temperature. After washing, antigen-antibody complexes were visualized with a chemiluminescence system (ECL plus; GE Healthcare).
Measurement of PGE 2 in kidney tissue. The tissue content of PGE2 was measured by using a commercial enzyme immunoassay (EIA) kit (Cayman Chemical). Tissues from the renal cortex were homogenized with a 10-fold volume of ice-cold isotonic NaCl solution and centrifuged at 10,000 g for 10 min. The EIA was performed following the manufacturer's instructions.
Statistical analysis. The results are expressed as means Ϯ SE. Statistical comparisons in all the physiological and laboratory data were made among the treatment groups using ANOVA followed by a Tukey-Kramer test or Student t-test for individual comparisons. A P value Ͻ 0.05 was considered significant.
RESULTS
Isolation and sequence analysis of a cDNA encoding rOAT-PG.
By a NCBI BLAST database search, a rat homolog of mOAT-PG (accession no. AB559554) was found. Then, the full-length cDNA was cloned by RT-PCR, which consists of 1,855 base pairs encoding a putative 555-amino acid protein. The deduced amino acid sequence of this novel clone exhibited 80% homology with mOAT-PG (data not shown).
rOAT-PG-mediated uptake of PGE 2 and substrate selectivity. We prepared S2 cells stably expressing rOAT-PG (S2-rOAT-PG) and investigated the functional transport properties of rOAT-PG by using 3 H-labeled PGE 2 ( Fig. 1) . Time or concentration dependency of [ 3 H]PGE 2 transport was shown in Fig. 1,  A and B, respectively. The uptake of [ 3 H]PGE 2 was increased linearly until 1 min of incubation (Fig. 1A) . The rOAT-PGmediated PGE 2 transport showed saturable kinetics and followed the Michaelis-Menten equation as demonstrated in Fig. 1B of 10 M concentrations of various organic anion compounds on rOAT-PG-mediated [ 3 H]PGE 2 (100 nM) uptake was performed as shown in Fig. 1C . As expected, unlabeled PGE 2 strongly suppressed [ 3 H]PGE 2 uptake, but other compounds except for indomethacin showed a lack of suppression or limited inhibitory effects. These results are mostly consistent with the substrate selectivity in mOAT-PG (16) .
Expression and localization of rOAT-PG in the kidney. The mRNA expression of rOAT-PG in rat tissues was investigated by RT-PCR (Fig. 2A) . The mRNA transcript was A fully deglycosylated band is indicated by an arrowhead. C: BLM fractions (30 g) of renal cortex from male and female rats were used for the detection of rOAT-PG (left). An arrowhead indicates a specific band for rOAT-PG. The total tissue lysates of renal cortex of male and female rats were used for Western blotting of COX-2, 15-PGDH, and ␤-actin (100 g for COX-2, and 15 g for 15-PGDH and ␤-actin; right). D: tissue PGE2 concentrations of male and female rat renal cortex. The PGE2 concentration of female rats was 7 times higher than that of male rats. Values are means Ϯ SE of 6 animals. **P Ͻ 0.01. exclusively detected in the kidney. We further investigated the rOAT-PG mRNA in microdissected nephron segments or divided tissues in the kidney. Strong signals were demonstrated in the PCT and in renal cortex, but not in TAL or CCD or in renal medulla (Fig. 2B) , indicating the presence of rOAT-PG mRNA in the proximal tubule located in the renal cortex. The localization of rOAT-PG was also confirmed by immunohistochemistry as shown in Fig. 2C . We confirmed the rOAT-PG signals in BLM of proximal tubules. This localization is similar to that of 15-PGDH, as reported in mice in our previous study (16) .
Gender difference in expression of rOAT-PG and tissue PGE 2 concentration in rat renal cortex. Gender differences in the mRNA expression levels of rOAT-PG, COX-2, and 15-PGDH in the renal cortex were investigated by quantitative RT-PCR (Fig. 3A) . There was no significant difference in the mRNA expression of COX-2 between the male and female rats. However, the expression levels of rOAT-PG and 15-PGDH in the male renal cortex were much higher (100 and 5 times, respectively) than in the female renal cortex.
Gender differences in protein expression levels in the renal cortex were also investigated by Western blotting. Beforehand, we confirmed the specificity of our antibody to rOAT-PG by using recombinant rOAT-PG protein and immunizing antigen (Fig. 3B) . A strong band (ϳ68 kDa) representing flag-tagged recombinant rOAT-PG expressed in HEK cells was detected with our anti-OAT-PG antibody as well as with an anti-flag antibody. The band disappeared when our antibody was pretreated with the immunizing antigen. When the BLM fraction was blotted with our anti-OAT-PG antibody, a strong band (ϳ68 kDa) and a weak band (ϳ60 kDa) were detected, with the density of the lower band being variable. These bands were shifted to 60 kDa or less by treatment with N-glycosidase F. Then, we examine the rOAT-PG expression in the rat kidney (Fig. 3C) . The expression of rOAT-PG protein in the BLM fraction of the male renal cortex was much higher than in the female renal cortex (Fig. 3C) . COX-2 represents a band with an apparent molecular mass of 72 kDa. 15-PGDH represents a band with an apparent molecular mass of 25 kDa. There was no clear gender difference in the protein expression level of COX-2 and 15-PGDH (Fig. 3C) . Therefore, a clear gender difference in protein level was only observed in the expression of rOAT-PG among these PG-related factors. The expression of rOAT-PG was much higher in male than in female kidneys at both mRNA and protein levels.
Tissue PGE 2 concentrations in the renal cortex were investigated by EIA (Fig. 3D) . The PGE 2 concentration in female rats was five times higher than that in male rats. These results suggest that rOAT-PG is involved in sequestering of PGE 2 from the interstitium in the renal cortex and determines the baseline of the local PGE 2 concentration.
Influences of gonadectomy and hormone supplementation on rOAT-PG expression and tissue PGE 2 concentration in kidney cortex. To study the effect of sexual dimorphism of rOAT-PG expression, we investigated the mRNA and protein expression levels of rOAT-PG in rats followed by a gonadectomy (Figs. 4 and 5 ). In the female rats, the expression level of rOAT-PG mRNA was upregulated by ϳ330% after an ovariectomy, whereas it was still at a very low level compared with that of adult male rats (3.5% of adult male rats) (Fig. 4A) . Only   Fig. 4 . Effect of an ovariectomy on rOAT-PG, COX-2, and 15-PGDH mRNA, protein expression, and tissue PGE2 concentration. mRNA expression levels of rOAT-PG (A), COX-2, and 15-PGDH (B) in the renal cortex of shamoperated (Sham) and ovariectomized (OVX) female rats were analyzed by quantitative RT-PCR. rOAT-PG mRNA levels were compared with sham-operated male rats (M). The expression levels were normalized by the expression of GAPDH. The expression level of each mRNA is presented as the ratio to the expression level in sham-operated female rats. Values are means Ϯ SE of 6 animals. **P Ͻ 0.01. C: protein expression levels of rOAT-PG and other components in the renal cortex were studied by Western blotting. D: tissue PGE2 concentrations in rat renal cortex. Tissue PGE2 concentrations in the renal cortex of shamoperated, OVX female rats, and male rats were measured by enzyme immunoassay (EIA). Values are means Ϯ SE of 6 animals.*P Ͻ 0.01 vs. Sham.
small differences in protein expression levels for rOAT-PG and tissue PGE 2 concentration were also observed between sham rats and ovariectomized rats (Fig. 4, C and D) . As for mRNA expression levels of COX-2 and 15-PGDH, there were no significant differences between sham rats and ovariectomized rats (Fig. 4B) . A similar pattern of protein expressions was also confirmed by Western blotting of these proteins (Fig. 4C) . Therefore, we examined the effect of androgenic hormone on the rOAT-PG expression level in male rats. In the castrated male rats, rOAT-PG mRNA was downregulated by 60%, and upregulated by 60% following testosterone replacement compared with sham-operated rats (Fig. 5A) . These results suggest that testosterone is a more potent transcriptional regulator for rOAT-PG expression than estrogen. The mRNA expression levels of COX-2 and 15-PGDH were unchanged after castration or treatment with testosterone (Fig. 5A ). Western blotting also shows that the protein level of rOAT-PG was significantly diminished by castration, and testosterone replacement recovered its downregulation (Fig. 5B) . The protein levels of both COX-2 and 15-PGDH were not changed after these treatments (Fig. 5B) . Furthermore, the cortical PGE 2 concentration in male rats was four times upregulated by castration, and restored to the basal level by testosterone replacement (Fig. 5C) . These results suggest that androgens downregulate cortical PGE 2 concentration via recovery of rOAT-PG expression.
DISCUSSION
Based on the sequence of mOAT-PG, we identified a clone for rOAT-PG from rat kidney cDNA. The rOAT-PG has ϳ80% homology in amino acid sequence with mOAT-PG and demonstrated the similar transport activity of PGE 2 and substrate specificity (16) . We then demonstrated its kidney-specific expression and localization in the BLM of proximal tubules, which is similar to the localization of 15-PGDH that metabolizes PGs as PGE 2 . These findings are comparable to our previous findings in mOAT-PG and suggest that OAT-PG is commonly expressed in the rodent kidney cortex for the regulation of local PGE 2 concentration. Here, we show the gender difference in the expression level of rOAT-PG and local PGE 2 concentrations in the renal cortex. The protein level of rOAT-PG was much higher in male rats than in female rats, whereas the tissue PGE 2 concentration was higher in female rats than in male rats. On the other hand, the protein levels of both COX-2 and 15-PGDH were not different between male and female rats. The present results also suggest that the gender difference in tissue PGE 2 concentration is primarily related to the expression level of OAT-PG (PG elimination from the interstitium) rather than that of COX-2 (PG synthesis).
The expression level of rOAT-PG in male rats was decreased by castration and reversed by the following treatment with testosterone. Similarly, the tissue PGE 2 concentration in the renal cortex was also changed in response to testosterone. The cortical tissue PGE 2 concentration was also increased by castration and reversed by the treatment with testosterone. On the other hand, an ovariectomy did not change the rOAT-PG protein expression and tissue PGE 2 concentration in female rats. These results altogether suggest that rOAT-PG expression and tissue PGE 2 concentration are primarily regulated by androgenic hormones like testosterone and the OAT-PG expression level is strongly correlated with the PGE 2 concentration in the renal cortex. rOAT-PG is likely to contribute to the elimination of PGE 2 from the interstitium to urine after PGE 2 secretion from the macula densa.
In the present study, we reported the gender differences in the expression of rOAT-PG in the renal cortex, which was sensitive to testosterone. Similar gender differences in the expression of transporters in kidneys were reported for several members of OCTs, Fig. 5 . Effect of castration on OAT-PG, COX-2, and 15-PGDH mRNA, protein expression, and tissue PGE2 concentration. mRNA expression levels in shamoperated (Sham) rats and castrated (Cast) rats followed by treatment with vehicles (olive oil) or testosterone (CastϩTS) were studied by quantitative RT-PCR (A) and Western blotting (B), respectively. Male rats were shamoperated or castrated followed by treatment with either vehicle or testosterone propionate (10 mg/day) for 14 days. A: expression levels of rOAT-PG, COX-2, and 15-PGDH were normalized by the expression of GAPDH. The expression level of each mRNA is presented as the ratio to the expression level in sham-operated rats. Values are means Ϯ SE of 3-6 animals. *P Ͻ 0.01 vs. Sham. † †P Ͻ 0.01 vs. Cast. B: protein expression level of rOAT-PG and other components in the renal cortex were studied by Western blotting. C: tissue PGE2 concentrations in the renal cortex. Renocortical PGE2 concentrations of sham-operated, castrated male rats followed by treatment with vehicles or testosterone were measured by EIA. The PGE2 concentration of castrated male rats was 4 times higher than that of sham rats. Values are means Ϯ SE of 3-6 animals. *P Ͻ 0.01.
Oatps, and OATs (14) . Expression levels of OCT2 mRNA and protein in the male rat kidney were higher than in females. Treatment of male and female rats with testosterone increased the expression of OCT2 mRNA in the kidney two and four times, respectively (19) . The expression level of Oatp mRNA in male rat kidneys was also five times higher than in female kidneys. The expression of Oatp mRNA was upregulated by treatment with testosterone and downregulated by estradiol (12) . The gender difference in the expression of OCT2 and Oatp was smaller than that of rOAT-PG in the present study.
A gender difference was also reported for the expression of OAT1, -2, and -3 in the renal cortex (10, 11) . Expression levels of OAT1 and OAT3 proteins in the male rat kidney cortex were also higher than in the female rat kidney cortex. Their expressions were also controlled by sex hormones; stimulated by androgens, and inhibited by estrogens (10) . On the other hand, the expression pattern of a gender difference in OAT2 was the opposite; its expression level in the female kidney was much higher than in the male kidney (11) . The physiological significance of these gender differences is still to be studied. OAT1 and OAT3 also transport PGE 2 in vitro although they show lower affinities with PGE 2 than OAT-PG (9) and broad substrate selectivity. Gender differences in the expression levels of these transporters might have contributed to higher renocortical PGE 2 concentrations in female rats at least to a small extent. It is reported that in the BLM of proximal tubules in female rats, ϳ20 and ϳ60% of OAT1 and OAT3 proteins, respectively, were expressed compared with male rats whereas rOAT-PG was marginally expressed in female rats (10) . In the case of castration, Ͼ40 -60% of OAT1 and OAT3 were still expressed (10) although rOAT-PG was dramatically decreased. In this study, tissue PGE 2 concentration was greatly increased in these animals despite a decreased but retained expression of OAT1 and OAT3, suggesting the major contribution of rOAT-PG to tissue PGE 2 elimination.
In conclusion, we found the gender difference in the expression level of the PG-specific transporter OAT-PG in the rat renal cortex. The expression of OAT-PG was primarily regulated by testosterone, and the alteration of the OAT-PG expression level strongly affected the tissue PGE 2 concentration in the renal cortex. These results suggest that OAT-PG mediates local PGE 2 clearance in the kidney to regulate its physiological function.
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